The main TJ-II results since 2012 are presented in this overview. Impurity confinement is studied showing an isotopic dependence of impurity confinement time, asymmetries in parallel impurity flows in TJ-II ion-root plasmas and impurity density asymmetries within a flux surface. In addition, first observations of electrostatic potential variations within the same magnetic flux surface are presented. Evidence of the impact of three-dimensional magnetic structures on plasma confinement and L-H transitions is also presented. The leading role of the plasma turbulence is emphasized by the observed temporal ordering of the limit cycle oscillations at the L-I-H transition. Comparative studies between tokamaks and stellarators have provided direct experimental evidence for the importance of multi-scale physics to unravel the impact of the isotope effect on transport. Novel solutions for plasma facing components based on the recently installed Li-liquid limiters (LLLs) have been developed on TJ-II, showing the self-screening effect of evaporating liquid lithium, protecting plasma-facing components against heat loads, and tritium inventory control. Regarding plasma stability, magnetic well scan experiments show that traditional stability criteria, on which 
Introduction
This work presents an overview of TJ-II results, taking advantage of the flexibility offered by stellarator devices, which makes them ideal laboratories to study the relation between magnetic topology, electric fields and transport. Recent improvements in plasma diagnostics at TJ-II have enhanced our understanding of the confinement properties of fusion plasmas. The TJ-II plasmas discussed in this paper were heated by electron cyclotron resonance heating (ECRH) (2 × 300 kW gyrotrons, at 53.2 GHz, 2nd harmonic, X-mode polarisation) and neutral beam injection (NBI). ECRH power was coupled to the plasma via two quasi-optical transmission lines, located at symmetric stellarator positions, equipped with internal steerable mirrors. Beams with up to 700 kW of port-through power at 33 kV were injected into target plasmas created with one or both gyrotrons. The above referred improvements in plasma diagnostics include a spectrally resolved motional Stark effect diagnostic to quantify the magnitude and pitch of the magnetic field at 10 positions across the minor radius, the commissioning of a four-barrel cryogenic pellet injector for core fuelling studies, and the commissioning of a second Heavy Ion Beam Probe (Cs + ions, E b = 125 keV) to characterize zonal flow type structures in the plasma core region.
This paper is organised in several sections that deal with the main TJ-II research topics. Section 2 is devoted to particle, energy and impurity transport. The studies will show the importance of asymmetries in parallel impurity flows in TJ-II ion-root plasmas. Such asymmetries have been interpreted in terms of a compressible variation of the impurity flow field and hence of impurity density asymmetries within a flux surface. This result is reinforced by the first observations of electrostatic potential variations within the same magnetic flux, which is modelled on the basis of neoclassical Monte-Carlo calculations. The dependence of impurity confinement time on charge and mass has been also studied. Section 3 deals with the physics of momentum transport and isotope effect paying attention to the leading role of the plasma turbulence on L-H transitions, based on the limit cycle oscillations (LCO). On top of that, comparative studies between tokamaks and stellarators have provided direct experimental evidence for the importance of multi-scale physics to unravel the impact of the isotope effect on transport. Section 4 includes the studies of power exhaust physics and the research on novel solutions for plasma facing components based on the use of liquid metals like Li and alloys. The TJ-II liquid metals programme addresses fundamental issues including the self-screening effect of evaporating liquid lithium, protecting plasma-facing components against heat loads, using the recently installed Li-liquid limiters (LLLs). Section 5 studies the operation of TJ-II in configurations with magnetic hill, showing stable plasmas in Mercier-unstable configurations. This result is relevant for the design of future stellarators, since relaxing the Mercier stability criterion will lead to the use of simpler magnetic field coils. Finally, section 6 deals with fast particle control. The experiments on the stabilization and control of Alfvén eigenmodes (AEs) using ECRH show results that this heating method can be a tool for AE control that might be ITER and reactor-relevant.
Particle, energy and impurity transport
Neoclassical predictions are the basis of core plasma scenario development for any stellarator. For this reason, TJ-II has participated in an inter-machine validation study of neoclassical transport modelling in medium to high density stellarator-heliotron plasmas [1] . The goal of this study was to compare neoclassical predictions for radial particle and energy transport with experimental estimates in selected discharges at high ion collisionality (i.e., NBI-heated). Reasonable agreement was found between experimental and neoclassical particle fluxes in the core region (r/a < 0.5), and a worse agreement was found between heat fluxes in that region. Similar results were obtained in electron cyclotron resonance (ECR)-heated TJ-II plasmas [2] .
A relevant feature of these studies is that all neoclassical simulations were made with the DKES code [3] , relying on a local ansatz for neoclassical transport and using the monoenergetic approach. We have used FORTEC-3D, a non-local and non-monoenergetic Monte Carlo neoclassical code [4] , in order to check whether removing these hypotheses alters the predictions and brings them closer to (or further from) the experimental measurements [5] . The radial electric field is measured by means of Doppler reflectometry and charge exchange recombination spectroscopy (CXRS) diagnostic (C6+) and the experimental fluxes are estimated by means of a transport balance calculation using ASTRA code [6] to analyse those quasi-stationary discharges. What we observe in the TJ-II case (figure 1) is that non-local effects do not improve agreement between theory and experiment significantly, probably because of the low ion temperature. In the core region, where the radial electric field is small, the magnetic drift is comparable to the E × B drift and tends to make the radial electric field less negative and to reduce the ion energy flux. At large radii, the radial component of the magnetic drift enhances the fluxes and makes the radial electric field more negative. The particle flux does not change since it is set by the electrons in the ion root, and it does not depend strongly on the radial electric field. With respect to the comparison with the experiment, we observe good agreement for the particle flux in the core region (r/a < 0.5), and bad agreement for the energy flux. Neoclassical calculations predict also core impurity accumulation, which can hinder the achievement of long pulse high density plasmas in stellarators severely. The reduction of impurity influx from plasma facing components through the control of edge/scrape-off layer (SOL) plasma parameters and magnetic topology needs to be complemented with a more complete understanding of impurity transport processes in the confined region. Medium and high-Z impurities are prone to develop significant density variations along a magnetic surface [7] . This can be due to their strong friction with ions, the angular variation of electrostatic potential, or their inertia. The variation in density and the presence of even a small poloidal electric field can modify flux surface averaged impurity fluxes with respect to standard neoclassical fluxes [8] .
Impurity density asymmetries have been the subject of recent experimental and modelling efforts in the TJ-II stellarator [9] . Flow measurements obtained with CXRS diagnostic (C 6+ ) showed an incompressible parallel flow pattern in ECRH [10] and low-density NBI plasmas (figure 2 top). At higher densities, systematic variations of flow were observed within a magnetic surface (figure 2), which are interpreted as being due to particle number conservation in the presence of impurity density variations along the surface. Modelling based on the above-mentioned mechanisms (see [9] and references therein) resulted in density variations of 20-30% for these higher density NBI plasmas, and return parallel flows of the correct size (∼5 km s −1 ). However, the calculated flow correction had the opposite sign of the observations. This disagreement has persisted, despite the inclusion of further ingredients in the model for parallel impurity force balance. Similar models for CXRS data in tokamaks have been unevenly successful [11, 12] . This line of work is being continued at TJ-II, checking measurements and simulations against other diagnostics and codes.
In parallel, duplicated Langmuir probe systems have been used to study the angular variation of the floating potential. The relative radial position of the probes is determined from the simultaneous detection of zonal flow-type structures [13, 14] . Differences of several tens of volts are consistently observed in ECR-heated plasmas. Calculations of potential variations based on first order neoclassical quasi-neutrality arguments are being performed with the EUTERPE code (figure 3), as in [8] .
The potential variation on flux surfaces 1 is commonly discussed in Neoclassical transport theory, as it enters the drift-kinetic equation for the first order correction f i1 (in the usual Larmor radius expansion) to the Maxwellian distribution function f i0 . This variation is determined by first order quasineutrality, which results from balancing the adiabatic electron density variation on flux surfaces with the total ion density variation, 1 
=
T e0 e n i1 n e0 1 is small (order 1) in the normalised ion Larmor radius. Because of the angular dependency of radial drift, the first correction to the ion density is not constant on flux surfaces. For 1 = 0, the same correction for the electron density (which is order 1 in the electron Larmor radius) would be much smaller that the ion's and therefore unable to maintain plasma quasineutrality. The variation of potential 1 causes an adiabatic electron density variation that 'restores' quasineutrality. Finally, for stellarators this variation can grow considerably large due to the unfavourable scaling of f i1 with the collisionality in non-axisymmetric systems for low collisionality regimes.
Simulations display peak-to-peak values of the order of magnitude of the experimental observations and also reproduce some qualitative dependencies of 1 with the radial electric field and electron temperature. However, for the specific location of the probes, the simulated differences are smaller than those observed experimentally [15] (see figure 3) .
The impurity confinement time as a function of charge and mass of the impurity ions has been also studied [16] . Although an extensive data set does not follow the neoclassical m 1/2 / Z 2 -tendency well, some trends can be seen in figure 4, which shows different behaviour for three impurities derived from soft x-ray analysis and tomographic reconstructions (see figure 4(a) ). In addition, impurity confinement exhibits a moderate isotope effect, decreasing as the D concentration increases, as can be seen in figure 4(b).
Momentum transport and isotope physics
Experiments and model development to improve the understanding of momentum transport and the physics of the confinement transition and intrinsic rotation are underway. TJ-II provides a clear evidence that three-dimensional magnetic structures have a significant impact on plasma confinement and L-H transitions, and offers further insight into the radial propagation and dynamics of limit cycle oscillations at the L-I-H transition. Novel causality detection techniques were developed [17] and used in this study.
As an important topic regarding momentum transport and turbulence, non-linear coupling between turbulence and flows at the L-H and L-I-H transitions was studied calculating the bicoherence of the turbulence. The bicoherence was found to peak at a specific radial position (slightly inward from the radial electric field shear layer in H mode). It was significantly enhanced in a time window of several milliseconds around the time of the L-H transition and stayed high during the I-phase. The bicoherence is associated with a specific wave number range (intermediate, ≈8-11 cm −1 ) and due to the interaction between high frequencies and a rather low frequency, as indeed expected for a zonal flow [18] .
During the I-phase, the temporal dynamics of the interaction between turbulence and flows displays LCO corresponding to a characteristic predator-prey relation between flows and turbulence. Recently, some controversial results were reported: two types of LCO were found in HL-2A, with opposite temporal ordering [19] . The first type corresponds to the standard predator-prey model [20] , where an increase of turbulence leads to the generation of a zonal flow, in turn suppressing the former. With the second type, the E×B flow grows first, causing the reduction of the fluctuations. The latter points to the pressure gradient as the potential drive for the oscillations, eventually inducing the transition to the H-mode [21] .
At TJ-II, the turbulence flow front is found to propagate radially outwards at the onset of the LCO, but in some particular cases, after a short time interval without oscillations, a reversal in the front propagation velocity is seen [22] . Associated to this velocity reversal, a change in the temporal ordering of the LCO is observed when the turbulence level is represented versus E × B flow. However, the change in temporal ordering is not related to an intrinsic change in the nature of the LCO. By measuring simultaneously at three neighbouring radial positions with Doppler reflectometry [23] , it has been possible to study the detailed evolution not only of the E × B flow but also of the E ×B flow shear and its relation with the turbulence level. As the turbulence-flow front propagates outwards, the increase in the turbulence level produces an increase in the inner (negative) E × B flow shear and when the propagation velocity reverses produces an increase in the outer (positive) E × B flow shear. In both cases of outward and inward propagating turbulent fronts, the turbulence increase leads and is followed by an increase in E × B flow shear, which in turn regulates the turbulence. TJ-II findings indicate that radial propagation mechanisms play an important role on the LCO dynamics, in addition to turbulence driven zonal flows and pressure gradients [24] . These results show that the L-H transition problem requires considering models including, at least, time dependency and one space dimension, as with the transition model reported in [25] . Dedicated experiments have been carried out to investigate the physical mechanisms triggering the onset and radial propagation of the LCO. At TJ-II, the LCOs are preferentially observed close to the transition threshold, in specific magnetic configurations having a low order rational close to the plasma edge. Preceding the onset of the oscillations, high frequency modes are often observed, accompanying a low frequency magnetohydrodynamic (MHD) mode. These modes are detected by the Doppler reflectometry system as oscillations of the centre of gravity (CoG) of the spectra, a proxy for E × B flow, in the usual case of negligible contribution of turbulence phase velocity [25, 26] . An example is shown in (figure 5). The results point to the interplay between the MHD mode and the E × B flow as a precursor for LCO onset at the L-I-H transition.
The possible relation between isotope effect and momentum transport and turbulence is also under investigation. Recent studies in the TEXTOR tokamak [27] and the TJ-II stellarator [28] report the properties of local turbulence and long-range-correlations (LRCs) in Hydrogen and Deuterium plasmas, concluding that there is a systematic increase in the LRC amplitude during the transition from H to D dominated plasmas in the TEXTOR tokamak, but not in the TJ-II stellarator. TJ-II investigations were done at the electron-ion root transition where there is a coupling between neoclassical viscosity and turbulent mechanisms [29] . Given the different scales acting on neoclassical and turbulent transport, this coupling provides the first direct experimental evidence of the importance of multi-scale physics for unravelling the impact of the isotope effect on transport in fusion plasmas. Gyrokinetic and semianalytical calculations are underway to explore the possible variation, if any, of zonal flow damping in TJ-II plasmas as a function of the different isotopes.
Power exhaust physics
With a view to steady state operation of burning plasmas, the selection of plasma facing materials for future Fusion devices remains challenging. Solid materials are known to be prone to disintegration, dust formation and neutron-induced permanent damage, among other deleterious effects [30] . Therefore, liquid metals, and lithium in particular, have been proposed as alternative to more conservative concepts [31] . One of the main concerns, however, is the survival of these elements to disruptions and type I edge-localized mode (ELMs), in particular considering strong MHD forces and massive evaporation. It has been shown that self-screening, driven by evaporation, could effectively protect liquid lithium elements against the huge heat loads occurring at the plasmasolid interface [32] .
Based on previous findings of anomalous high secondary electron emission (SEE) of lithium surfaces exposed to a plasma [33] , experiments were performed to bias the LLL [34] , a C limiter and a solid lithium electrode, in order to test heat handling characteristics and the impact of injected currents on plasma performance while inserting the biased elements rather deeply into the plasma edge, which is not possible with other materials. Spontaneous currents develop at the plasma periphery when a C and a Li limiter are inserted at the same radial location, as a consequence of the very different SEE coefficients of both materials. Furthermore, the deduced electrical resistivity at the periphery is much higher than the Spitzer value, suggesting a direct relation with the density of atomic species at the edge. In addition, inter-limiter biasing and limiter to vacuum vessel biasing experiments were performed, allowing the measurement of the electrical resistance at the edge. The results [35] show that LLL biasing is far more efficient to improve plasma confinement than C, while no deleterious effect due to high power loads was seen. In contrast with other reports regarding the impact of limiter biasing on plasma confinement [36, 37] , positive biasing of lithium elements led to the enhancement of particle and energy confinement. Figure 6 (left) displays the response of the floating potential on the C limiter when the LLL is biased at ±150 V. As seen, the sheath potential on the floating limiter vanishes at maximum positive bias of the active limiter. When the situation was reversed, no changes on the floating potential of the LLL were detected. This asymmetric behaviour of the plasma under biasing of limiters of different materials is tentatively ascribed to the very high SEE of lithium surfaces exposed to plasma [33] . According to simple probe theory, a full suppression of the plasma sheath may take place for SEE values of the exposed surface near one [35] . However more experiments are still required to fully corroborate this hypothesis. The modulation of the electron density together with the Hα signal during the biasing of the LLL is shown in figure 6 (right) . An increase by a 25% of the ratio ne/Hα, corresponding to particle confinement improvement, was deduced. No such improvement was seen in the reverse, C limiter biasing scenario (see [35] for details).
Power loads to the limiters were evaluated from the resulting surface temperature increase, leading to enhanced emission of Li atoms by evaporation, after in situ calibration of the lithium emission at selected temperatures of the LLL at early times of the discharge. Significantly lower power loads than those deduced from the He beam diagnostic were deduced at several insertion positions. This mismatch was ascribed to the presence of a power shielding mechanism by the Li vapour previously reported in similar experiments in other devices [32] . Outgassing of the LLL after exposure to the plasma indicates the release of a significant fraction of trapped H at temperatures below 400
• C, while no apparent H/D retention was detected at T lim = 400
• C.
Plasma stability studies
At TJ-II, stable plasmas were achieved in Mercier unstable magnetic configurations without magnetic well, contrasting with MHD stability theory. The explanation is not clear yet, but the working theory is that the plasma tends to self-organize in the unstable regions, avoiding local instabilities [38] . This result is relevant for the design of new stellarators, since the magnetic well is strongly related to the plasma shape, which is created by complex coils. Thus, relaxing the Mercier stability criterion allows one to build simpler coils, which is easier and cheaper. Moreover, plasma shaping, i.e., triangularity and elongation, is known to affect tokamak stability (see [39] and references therein). These quantities are related to magnetic well, so these stellarator results can help to understand the role of shaping in tokamaks. The Mercier stability criterion is a measurement of plasma resilience against the interchange instability and can be written as follows [40] :
Where the first term on the rhs represents the stabilising contribution of the magnetic well. The remaining terms correspond to the shear, the plasma current and the geodesic curvature, respectively. TJ-II is an almost shearless stellarator, therefore the second and third terms are negligible and the Mercier stability properties are governed by the magnetic well and the curvature. TJ-II has the capability to vary its magnetic configuration, which allows one, for instance, to maintain the rotational transform profile almost constant while varying the magnetic well. Two families of configurations having such properties were chosen to perform the experiments presented here. One of them corresponds to configurations with ι/2π(ρ = 0.8) = 8/5, while the other one corresponds to ι/2π(ρ = 0.4) = 3/2. Figure 7 shows the values of the depth of the magnetic well for the configurations of the second family. The chosen heating method was NBI in order to obtain high density plasmas with significant β. In earlier work, a scan was performed across three Mercier stable configurations in electron cyclotron heating (ECH) low density plasmas, showing an increase of the turbulent flux with decreasing well [41] . Here, we extend this work, operating TJ-II in unstable configurations. Stable confined plasmas are obtained even in Mercier unstable configurations with negative magnetic well, in both families. The preliminary results show that the confinement time, normalized to the plasma volume, is similar for all the configurations, once the radiated power is subtracted. It should be noted that plasma-wall interaction changes from one configuration to the next, which is taken into account by subtracting radiated power. Plasma edge properties are studied with a Langmuir probe with nine pins, radially separated by 2 mm and measuring floating potential. During the magnetic well scan, the shear layer tracks the position of the theoretical last closed flux surface (LCFS), showing that plasma edge confinement is not severely modified when magnetic well is reduced even when the configuration presents magnetic hill. Plasma turbulence changes as the scan is performed, as deduced from both probe measurements and fast cameras, such that fluctuations increase as the magnetic well is decreased. This effect is observed both in low and high density plasmas. Thomson scattering measurements indicate a flattening of pressure profiles in positions close to the rational surfaces, in some discharges without magnetic well or with magnetic hill, showing that the pressure profile reacts to mode destabilization, as also shown experimentally at the large helical device (LHD) [42] .
Using edge Langmuir probes, the dynamical interaction between local particle fluxes ( ) and density gradients (∇n) was studied during the magnetic well scan experiments. In this set of experiments, the magnetic configuration was scanned so as to vary the magnetic well at approximately constant effective probe position. The conditional expectation value of the flux, E( |∇n), was determined as in [43] , showing a clear minimum in flux expectation at the most probable density gradient. A new quantifier was introduced to characterize the left-right asymmetry of this curve about this minimum: Figure 8 shows how the asymmetry systematically decreases as the magnetic well is increased. Based on critical gradient transport models, these results are interpreted as follows. The edge region is assumed to be mostly supercritical due to the large drive, corresponding to large and positive asymmetry. However, at increased well, turbulence and instabilities are partly suppressed, bringing the plasma closer to a (self-organized) critical state. Thus, the observed flux-gradient dynamics provide support for critical gradient models of plasma transport.
Fast particle physics
The impact of ECR heating on NBI-driven Alfvén modes has been studied using different heating configurations. Several off-axis positions of the second beam (ECH2) were tested while keeping the first beam (ECH1) fixed. As already reported in [44] , launching at ρ ECH2 = 0.42 produces strong mode chirping in a configuration with a medium value of the rotational transform in TJ-II. We take the configuration such that ι(0)/2π = 1.55, when the range of rotational transform achievable in TJ-II is 0.9 < ι(0)/2π < 2.2. Figure 9 illustrates the case in which 250 kW of ECH2, targeting the plasma at ρ ECH2 = 0.42, is switched on again only 10 ms after the start of the NBI phase. As a consequence, the NBI driven steady mode disappears, then nothing is observed during a short period of time (5-7 ms) and then, a chirping mode with f ≈ 20 kHz emerges. Note that ECRH induced pump-out helps controlling the density, which otherwise would increase gradually due to NBI particle fuelling. Adding further power using low frequency modulation of the first beam (ECH1, 250 kW) at attenuates the amplitude of the chirping mode significantly, as clearly shown by the time evolution of the fluctuation amplitude δB, represented in figure 9 (bottom). The white line superimposed in figure 9 (top), which corresponds to 200 × (n L (t)) −1/2 , where n L (t) is the line average density, provides a rough indication of the frequency evolution expected from the theoretical Alfvén dispersion relation. Note that the line density is approximately constant during the transition from ECH2 to ECH2+ECH1 (t ≈ 1140 ms).
For ρ ECH2 0.34, frequency chirping is not observed and the steady NBI-driven mode is present. Again, adding the first beam at ρ ECH1 = 0.34 causes a 50% reduction of the amplitude of the steady mode, relative to the case without ECRH. Together with this chirping mode, a reversal in the total plasma current I p is observed. The plasma current changes its sign from I p (t) ≈ −0.6 kA to I p (t) ≈ +0.7 kA when the second beam is moved from 0.34 to 0.42 and therefore its absolute value barely changes. The density and temperature profiles show almost no variation in the gradient zone, where the contribution from the bootstrap current is expected to be larger and thus, the change of the plasma current cannot be explained by modifications in the plasma profiles.
Coincident with ECH injection, the neutral flux measured by a 16-channel compact neutral particle analyser (CNPA) is observed to be enhanced. This is consistent with an increase in the fast ion population during the ECH phase. Two alternative magnetic configurations with lower and higher ι than the above mentioned one were also investigated. Preliminary results indicate that the ECH off-axis position for maximum mode chirping depends on the configuration.
